We have set-up a facile approach for fabrication of supports with tailored nanoporosity for immobilization of enzymes. To this aim block copolymers self-assembly has been used to prepare nanostructured thin films with well-defined architecture containing pores of tailorable size delimited by walls with tailorable degree of hydrophilicity. In particular, we have employed a mixture of polystyrene-block-poly(L-lactide) (PS-PLLA) and polystyrene-block-poly(ethylene oxide) (PS-PEO) diblock copolymers to generate thin films with a lamellar morphology consisting of PS lamellar domains alternating with mixed PEO/PLLA blocks lamellar domains. Selective basic hydrolysis of the PLLA blocks generates thin films, patterned with nanometric channels containing hydrophilic PEO chains pending from PS walls. The shape and the size of the channels and the degree of hydrophilicity of the pores depend on the relative length of the blocks, the molecular mass of the BCPs, and the composition of the mixture. The strength of our approach is demonstrated in the case of physical adsorption of the hemoprotein peroxidase from horseradish (HRP) using 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) with H2O2 as substrate. The large surface area, the tailored pore sizes and the functionalization with hydrophilic PEO blocks make the designed nanostructured materials suitable supports for the nanoconfinement of HRP biomolecules endowed with high catalytic performance, no mass-transfer limitations, and long-term stability.
INTRODUCTION
When an enzyme is immobilized on a support, significant conformational changes may occur, due to the change of the molecular environment of the enzyme with respect to the native state. 1 In particular, the interactions occurring at the interface with the support, modification of hydration shell, steric hindrance between neighboring proteins after immobilization and/or possible enzyme clustering may cause significant conformational changes and, as a consequence, alteration in enzymatic activity. 2, 3 Even in absence of conformational changes, adverse orientations, overcrowding, immobilization in a too narrow environment, may seriously hamper the flexibility of the enzyme and/or diffusion of the substrate molecules toward the functional groups, with consequent reduction and/or loss of activity and selectivity. 4 In general, enzyme immobilization entails either physical adsorption or covalent bonding of the enzyme to the support, by using or not long chain-spacers. [5] [6] [7] [8] Immobilization protocols, in turn, may either occur at the surface of a solid carrier, or through trapping of the enzyme inside an open network, or making use of porous media. [6] [7] [8] The main applications for which enzyme immobilization is a key issue 9 are bio-and nanobio-technology and in particular biocatalysis, 5, [10] [11] [12] for fabrication of biosensors [13] [14] [15] and/or biofuel cells, in biomedicine and in emerging areas such as nanobiophotonics 16, 17 and nanobioelectronics. 18 The added value of exploiting enzyme immobilization for a given application may be envisaged in enhancement of enzyme stability, preservation of catalytic activity and selectivity even in harsh conditions, possibility of re-use, easy separation of the enzyme from the reaction environment. 5, 12 An efficient immobilization strategy requires a rational selection of the supporting material and of the binding protocol, in order to achieve a fine control over confor-mation, spatial and orientational arrangement of the enzyme on the support. 1 However, the intrinsic complexity of the specific interactions occurring at the interface of an enzyme with an artificial environment (namely the support and the outside reaction medium) not often mimicking the native conditions, makes the set up of an efficient immobilization protocol a difficult task, 19 and no general rules can be established a priori. This entails that enzyme immobilization requires the development of methods ad hoc, depending on the final application.
Several immobilization methodologies have been proposed to date including protein engineering, 20 chemical modification, 21 inclusion of additives, 22 and immobilization onto or into various matrices. [23] [24] [25] In particular, a noticeable progress in enzyme immobilization has been achieved with the use of nanomaterials such as nanoparticles, nanostructured surfaces and nanoporous materials, as these supports enable precise control of the immobilization process, increased rigidity of the enzyme, and resistance to unfolding and deactivation processes, retention of catalytic activity, selectivity and long term stability. [26] [27] [28] [29] Immobilization of enzymes using nanoporous supports is a growing area of research. Numerous efforts have focused on the stabilization of enzymes in nanoporous materials with pores or internal spaces in the range of nanometers. [30] [31] [32] [33] The large surface area of nanoporous materials and their opened pore structure can afford improved enzyme loading, which in turn can increase the apparent enzyme activity per unit mass or volume, compared with that of enzymes immobilized onto conventional materials. Several studies have highlighted the stability of enzymes immobilized in various porous matrices, such as carbon, silica, and aluminosilicates, 30, 31 able to prevent conformational change or denaturation. Furthermore, the immobilization of biomolecules on surfaces is becoming of particular interest in biochemistry and molecular biology, due to multiple applications in DNA microarray construction and detection of proteins involved in signaling networks in a cell. 34, 36 Block copolymers (BCPs) represent a class of materials that exhibit unparalleled versatility in the construction of nanoporous materials. [37] [38] [39] [40] [41] [42] [43] [44] A BCP molecule consists of two or more polymer chains covalently linked at their ends. BCPs constituted by incompatible blocks can give rise to phase separation and formation by self-assembly of nanoscale structures having morphology and characteristic domain size of the incompatible blocks that depend on molecular mass, relative segment length, and the strength of interaction between the blocks, represented by the Flory-Huggins interaction parameter, . [45] [46] [47] The typical size of the phase separated domains are in the range of 10-200 nm and depends on block length. The exact morphology of phase separated BCPs nanostructures, instead, depends on and the volume fraction of the constituent blocks. In linear AB diblock copolymers, four equilibrium morphologies can be obtained, namely lamellar, hexagonally packed cylindrical, bicontinuous gyroid, and bodycentered cubic spherical. [45] [46] [47] Nanoporous materials can be generated by selective removal of a component from a nanostructured block copolymer. Currently, the generation of nanoporous materials from block copolymers relies on a selective etching protocol that does not impair the integrity of the matrix material. Ozonolysis, UV degradation, 42 reactive ion etching (RIE) 43 and chemical etching [39] [40] [41] 44 are the methods that are commonly used for the removal of minor components to generate nanopores. The resulting materials exhibit the pore size and a pore topology reminiscent of the parent nanostructure, and can be used as nanolithographic masks, separation membranes, nanomaterial template. 37 . To our knowledge, very few examples are reported in literature about the possibility of using BCP based nanoporous thin films as supports to physically absorb proteins and enzymes. 48, 49 By immobilizing a biomolecule onto the nanostructured surface of a block copolymer, the presence of pores can enhance the amount of absorbed molecules and can facilitate the retention of the native structure of an enzyme and its activity, thus making the approach suitable as a novel supporting platform for biotechnological applications. The controlled introduction of a specific chemical functionality within the pore space is another critical issue in order to design a porous material useful for an efficient immobilization protocol. In particular, the precise introduction of a specific functionality at pore walls in BCPbased porous materials is important in order to regulate the hydrophilicity of the resulting material, to prevent enzyme aggregation and also to design protocols for the covalent bonding of biomolecules to the obtained porous materials.
Here, we report a simple approach for fabrication of porous block copolymer thin films able to act as support for the physical immobilization of specific biomolecules. In particular, we have designed a nanoporous thin film with well-defined architecture containing functionalized pores delimited by hydrophilic walls, exploiting self-assembly of lamellar block copolymers and the concept of sacrificial block.
The approach has been specifically designed to modify the hydrophilic/hydrophobic characteristics of a given surface, to introduce pores of tailored size at the surface of a support and functional groups inside the pores, with the aim of using them for hosting enzymes without impairing their activity. Although BCPs have been used already for enzyme immobilization, 48, 49 our approach is more general, robust and versatile. In this work, we demonstrate its strength when applied to the physical adsorption of horseradish peroxidase (HRP). HRP is a heme protein, which catalyzes the oxidation of various substrates using hydrogen peroxide. HRP is probably the best characterized enzyme, from both mechanistic and structural viewpoints, and the correlations between structural and spectral features of the enzyme, under different conditions, are well known. Thus, it represents an appropriate system for testing porous block copolymer thin films as suitable support to be used for analytical applications. 50 Preparation of thin films and PLLA hydrolysis. Solutions of PS, PS-PLLA and mixtures of PS-PLLA and PS-PEO at PS-PLLA/PS-PEO ratios of 90/10 and 80/20 w/w have been prepared by dissolving the polymers in 1,2-dichloroethane to yield a total concentration of 0.5% and 1% (w/w) with respect to the solvent. Thin films have been obtained by drop casting or spin coating (RPM 3000 for 30 s) the so obtained solutions on silicon or glass supports. To improve the solid-state morphology, the films containing poly(Llactide) (PLLA) have been heated to 200 °C and then cooled to room temperature on a hot bench with a gradient temperature. The PLLA removal has been performed placing the thin films into a 0.5 M sodium hydroxide water/methanol (60:40 by volume) solution at 65°C for one min. After removing from the solution, the films have been washed twice with a water/methanol (60:40 by volume) solution, and then dried in a hood at room temperature overnight.
EXPERIMENTAL SECTION

Materials
Horseradish peroxidase catalytic performance (CP) using ABTS as substrate. Tests of the catalytic performance (CP) of HRP have been performed after incubation of the enzyme for different periods of time on different supports including the bare glass support, the glass support surfacecovered with a thin film (thickness 40-80 nm) of the sole PS and the sole PEO, and the 90/10 w/w PS-PLLA/PS-PEO blend before and after etching. In all cases the coverage of the glass support has been performed by spin coating as explained above. All experiments have been performed in triplicate, achieving a high reproducibility. A typical test has been performed as it follows.
Step 1: Enzyme immobilization. HRP has been dissolved in distilled water to a final concentration of 18 mg/L. 500 µL of this solution has been deposited onto the supports and incubated for a fixed amount of time. During the incubation time, the samples have been placed on an oscillating stirrer at 10 °C, to minimize solvent evaporation. Then, the enzyme solution has been retrieved from the film surface and the samples have been rinsed with distilled water to remove enzyme molecules that are weakly adsorbed on the surface. Experiments have been performed varying the time of contact between the enzyme solutions and the surfaces. In particular, we have used three different incubation times (30, 90 and 150 min). The decrease of HRP absorbance at 403 nm ( 403nm= 1 10 5 M -1 cm -1 ) in the solution retrieved from the support with respect to the initial solution used for incubation was 0.6-3%. The HRP signal in the rinsing water, instead, was not spectrophotometrically detectable. We have checked that, in the case of the etched blend, in order to achieve a decrease of HRP absorbance at nm of an incubation time of h was necessary This corresponds to an amount of HRP adsorbed onto the support equal to 2 mg m -2 (the surface area of the support is 576 mm 2 ). Therefore, the surface density of the HRP molecules deposited onto our nanoporous supports after 6 h incubation time can be estimated to be 1.8 10 10 molecules mm -2 , yielding an average area per HRP molecule of 56 nm 2 , in good agreement with the results obtained by means of fluorescence measurements for HRP absorbed on Si wafers. 52, 53 Moreover, for the tests performed using an incubation time of 90 min, considering that the typical decrease of HRP absorbance at 403 nm in the solution retrieved from the support with respect to the initial solution was less than 1%, the value of surface density of the HRP molecules deposited on the support is less than 1 10 9 molecules mm -2 .
Step 2: Determination of catalytic performance of immobilized HRP. The ability of absorbed HRP to catalyze oneelectron oxidation by H2O2 of the dye 2,2 -Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) into the corresponding radical cation ABTS has been tested. The formation of ABTS radical cation has been measured spectrophotometrically at 420 nm ( 420nm = 3.6 10 4 M -1 cm -1 ). 54 A solution of ABTS (2.45 mM) has been prepared in a 50 mM acetate buffer at pH 4.6. Few microliters of H2O2 solution have been added to the solution in order to obtain a final concentration of 9.75 mM or 0.0975 mM. The reaction has been started by deposition of 500 µL of this solution onto the supports containing absorbed HRP (zero reaction time). We have determined the CP of immobilized HRP by evaluating the amount of the formed radical cation ABTS through measurements of the UV-Vis spectra of these solutions after a reaction time of 5 min.
To evaluate the stability of the immobilized enzyme over the time, we have also performed enzymatic assays 7 and 18 days after immobilization. During this time, the supports with the immobilized enzyme have been dried and stored at 4 °C.
Determination of catalytic performance of free HRP . Solutions containing ABTS (2.45 mM) and different concentrations of HRP (in the range 0.025-34 nM) have been prepared in a 50 mM acetate buffer at pH 4.6. The reaction has been started by addition of few microliters of H2O2 solution up to achieve a concentration of H2O2 in the final solutions equal to 9.75 or 0.0975 mM (zero reaction time). The amount of the product radical cation ABTS has been determined by recording UV-Vis spectra of the solutions after a reaction time of 5 min. This quantity corresponds to the CP of free HRP to be compared with the corresponding parameter determined over immobilized HRP.
RESULTS AND DISCUSSION
Strategy for preparation of the nanoporous materials. The strategy exploited to obtain the BCP-based nanoporous materials is reported in Figure 1 . We have selected a polystyrene-block-poly(L-lactide) (PS-PLLA) and a polystyrene-block-poly(ethylene oxide) (PS-PEO) copolymer having nearly identical molecular mass and volume fraction of the PS blocks close to 0.5, in order to create nanostructured thin films characterized by a lamellar morphology. PS-PLLA has been used alone and/or mixed with minor amounts of PS-PEO to prepare thin films from solution by spin coating or drop casting on different surfaces (vide infra). Exploiting the good miscibility of PLLA and PEO, [55] [56] [57] the final morphology will consist of PS lamellar domains alternating with lamellar domains of PLLA and/or mixed PLLA and PEO blocks (Figure 1a) . Successively, selective basic-catalyzed hydrolysis of the PLLA blocks [39] [40] [41] generates nanometric channels delimited by hydrophobic PS domains decorated by carboxylic and hydroxyl end group generated by the cleavage of ester linkage of PLLA blocks, 58 and additional hydrophilic moieties represented by the pendant PEO chains of the PS-PEO component (Figure 1b) . The so-obtained nanoporous material is used to immobilize the biomolecule (Figure 1c) . Therefore, the rational in the use of PS-PEO as a second component resides in the possibility of tailoring the degree of hydrophilicity of the nanoporous surfaces by simply adjusting the initial composition of the mixture. Additional advantages consist in the ability of PEO to reduce enzyme aggregation and to preserve a more native-like environment for the supported enzyme confined in the nanopores (Figure 1c) even during the dehydration. 1 It is worth noting that the proposed approach can be also extended to immobilization protocols based on the covalent attachment of enzyme molecules to the support, using terminal functionalized PEO blocks.
Morphological characterization of BCP thin films.
Thin films of the sole PS-PLLA (thickness 40-80 nm) have been prepared by drop casting or spin coating solutions of PS-PLLA in 1,2-dichloroethane at concentration of 0.5% or 1% w/w onto glass slides and/or silicon wafer surfaces. Representative bright-field transmission electron microscopy (TEM) and field emission scanning electron microscopy (FESEM) images of the so obtained thin films are reported in figures 2A and A respectively The images exhibit a well-defined phase separated morphology characterized by a disordered array of lamellar domains oriented perpendicular to the glass or silicon surface. In the TEM image (Figure 2A) contrast is due to staining with RuO4, which selectively marks the polystyrene regions. Therefore, the dark regions correspond to stained PS lamellar nanodomains and the bright regions to the PLLA phase. On the contrary, the PS domains appear bright in the FESEM image ( Figure  2A The average lamellar thickness is estimated to be  28 ± 3 and  20 ± 3 nm for PS and PLLA, respectively.
Thin films have been also prepared by drop casting or spin coating 1,2-dichloroethane solutions of mixtures of PS-PLLA and PS-PEO (Figure 1a) at total BCP concentrations of 0.5% or 1% (w/w) by deposition on both glass slides and/or silicon wafer surfaces. Representative bright-field TEM and FESEM images of thin films of the blend (9:1 w/w ratio PS-PLLA:PS-PEO) are reported in Figures 2B and 2B respectively. There are no significant differences in the resultant morphology compared to the thin films of neat PS-PLLA (Figures 2A and 2A The addition of 10 wt% of PS-PEO block copolymer does not alter the lamellar morphology. A well-defined phase separation with a disordered lamellar morphology is observed also in the case of the blend PS-PLLA/PS-PEO. Moreover, also in this case, in the TEM image ( Figure 2B ) the contrast is provided by staining with RuO4 in order to mark selectively the PS lamellar nanodomains. In the TEM image ( Figure 2B ), due to the good miscibility of PEO and PLLA, [55] [56] [57] the bright lamellar domains correspond to mixed PEO and PLLA components.
The average lamellar thickness of PS and PEO/PLLA domains is similar to that observed in neat PS-PLLA thin films. No significant differences in morphology and lamellar spacing are observed in thin films obtained by drop casting (Figure 2A-B) or spin coating (Figure 2A -B for both PS-PLLA and blends.
Thin films of the blend of Figure 2B B have been im mersed into a 0.5 M sodium hydroxide water/methanol solution at 65°C for one min to remove the poly(L-lactide) blocks (Figure 1b) . The temperature used for the basic hydrolysis treatment has been selected close to the glass transition temperature of PLLA C A tilted FESEM image of the etched blend, showing the formation of nanopores, is reported in Figure 3A . The etching treatment does not alter the initial lamellar morphology, as indicated by the comparison of the FESEM images of samples before ( Figure  2B and after the etching treatment ( Figure 3A) .
The thin film of the etched blend has been also analyzed by TEM without performing any staining procedure (Figure 3A A remarkable contrast is present in the TEM micrographs of the etched film demonstrating the effective removal of the PLLA blocks and consequent formation of nanopores. The pronounced contrast in the image of the Figure 3A is due to PS lamellar domains alternating with the empty channels resulting from PLLA hydrolysis. Since the electron beam is freely transmitted through holes, the scattering and/or adsorption are minimal for the PLLA hydrolyzed regions. No contrast, in fact, is obtained for blend films before the removal of PLLA without resorting to a staining procedure (inset of Figure 3A Therefore, the etching treatment results in porous thin films with nanochannels of width 20 nm delimited by PS lamellar domains of width  28 nm, decorated with pendant PEO chains (Figure 1b) . The pores are clearly visible in the tilted FESEM image ( Figure 3A) . It is worth noting that the etching treatment performed on the neat PS-PLLA thin films results in a remarkable breaking of the initial lamellar morphology due to dewetting ( Figure S1 ), indicating that the presence of PEO component increases the stability of the thin films to water/methanol treatment at 65 °C. Characterization of the porous material. The removal of PLLA blocks after etching has been confirmed by Raman measurements. In figure 3B the Raman spectra, acquired in the range 750-1800 cm -1 , of thin films of blends before (curve a of Figure 3B ) and after (curve b of Figure  3B ) the etching procedure are reported. The main bands of polystyrene are located at 1000 cm -1 (C-C ring breathing mode), 1034 cm -1 and 1602 cm -1 (tangential ring stretching mode). 59 These bands are the most intense signals appearing in the Raman spectra. The PS signals are present in both etched and non-etched blend spectra. The relevant PLLA bands appear at 870 and 1770 cm -1 and are attributed to the C-COO and C=O stretching modes, respectively.
59
In Figure 3B and B the Raman spectra in the regions -850 cm -1 and 1800-1700 cm -1 reveal that the PLLA signals are present in the spectrum of the blend before etching (curves a of Figure 3B -B and disappear after the etching procedure (curves b of Figure 3B -B confirming the removal of PLLA blocks.
Quartz crystal microbalance (QCM) measurements have indicated that of the initially present PLLA is re moved by etching treatment ( Figure S2 ). The wettability of the nanoporous films has been determined by contact angle measurements using drops of bidistilled water ( Figure S3 ). The average values of the contact angle (CA) measured on at least 5 independent locations of the sample surface and for three different independent specimens are reported in Table S1 . Non-etched PS-PLLA film ( Figure S3B) shows a hydrophobic surface with a CA value of (93.0 ± 0.1)°. Introducing the PS-PEO copolymer in the film, the CA value slightly decreases to (84.0 ± 0.1)°, due to the hydrophilicity of PEO blocks (Figure S3C) . The etched PS-PLLA film ( Figure S3D -D ex hibits a CA of (62.0 ± 0.3)°, confirming the selective removal of PLLA, whereas in the case of the etched blend a CA value of (28.0 ± 0.2)° is achieved, confirming the presence of PEO blocks decorating the PS domains ( Figure S3E -E Therefore, the incorporation of PEO polyether into the pore space dramatically influences the wettability of the resulting nanoporous material. This demonstrates that our approach allows obtaining surfaces with nanoporous layers of tailored pore size and tailored hydrophilicity with a high degree of reproducibility. In particular the size of the pores may be controlled by the molecular mass of BCP, whereas the hydrophilicity by the relative content of PS-PEO BCP in the blend ( Figure S4 ). The neutron reflectivity (NR) curves of thin films of blend before and after removal of PLLA are shown in Figure 4A and B, respectively (Supporting Information). Figure 4A correspond to the best common model obtained by the simultaneous fit of the curves measured using three different contrast configurations (see Supporting Information material for details). The fitted parameters are reported in Table S2 . The corresponding scattering length density profiles are also shown Figure A The samples have been directly prepared on the surface of crystalline silicon wafers comprising a thin amorphous silicon oxide (SiO2) layer at the surface. A two layer model has been used to fit the NR experimental curves from the thin film of blend before the removal of PLLA ( Figure 4A , A The first layer corresponds to SiO2 at the surface of the silicon supports and the second layer to the polymeric film. The interfacial roughness between the SiO2 and the polymeric film is (0.5 ± 0.1) nm. The SiO2 layer has been found to have a thickness equal to nm and contains 20 % of solvent (Table S2 ). The solvent in the oxide layer is probably due to pre-treatment of the silicon support by pi ranha solution which makes the oxide layer porous 61 The values obtained are in good agreement with other reports.
The lines in
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The interfacial roughness between the polymeric film and the solvent is (1.7 ± 0.1) nm. The thin film of blend results (41.1 ± 0.3) nm thick and contains a negligible amount of solvent Table S The etching process creates a lamellar structure formed by voids and polymer rich regions with the plane perpendicular to the solid surface. This effect strongly affects the reflectivity curves (Figure 4B ) since the total reflectivity arises from the incoherent sum of the reflectivity of polymer rich regions plus that of etched surface areas. This, in turn, smears out the Kiessig fringes that were present in the non-etched samples (compare Figures 4A and 4B ). The inhomogeneity of the thin film of the etched blends made not possible to use the standard box-model approach (see Supporting Information). As data modeling is not trivial in this case, no fitted lines are shown in Figure 4B .
Immobilization of enzyme on the nanoporous support. We have selected a horseradish peroxidase (HRP), as a protein model to generate active surfaces upon adsorption on the BCP nanopouros surfaces. There are various methods for protein immobilization on solid surfaces, including binding to a support (physical adsorption or chemical binding), cross-linking or entrapment. We have performed HRP immobilization by deposition of enzyme solutions onto the supports and incubation for a fixed amount of time. The contact between the enzyme solutions and the supports has been performed for period of time ranging from 30 min to 1.5 h, in order to improve the diffusion and the stabilization of the enzyme.
Catalytic performance of immobilized HRP. We have evaluated the catalytic performance of the enzyme HRP immobilized onto our BCP nanoporous surfaces and we have compared the results with those obtained in the case of the same enzyme immobilized on PS thin films and glass slides. The size of the channels of the BCP nanoporous support is nm whereas the length of the channels is hundreds nanometers; that is the average area of the pores is well higher than the imprint of a HRP biomolecule lying on a surface nm 2 ). 52, 53, 65 The enzymatic performance of immobilized HRP on the solid surfaces has been assessed in the presence of H2O2 by means of the oxidation of ABTS into the corresponding radical cation, ABTS . The catalytic performance (CP) of
In particular, after immobilization, the CP of the enzyme has been evaluated by placing a freshly prepared solution of ABTS and H2O2 on the surfaces containing immobilized HRP. Three different incubation times (30, 90 and 150 min) have been used. The concentration of the enzyme solution in the incubation step and the experimental conditions during the tests performed to verify the enzyme CP have been kept identical in the three experiments. The UV-Vis spectra of the solutions acquired after 5 min of contact between the ABTS (2.45 mM)/H2O2 (9.75 mM) solutions and the etched BCP blend, PS and glass slide surfaces containing immobilized HRP are reported in Figure S5A -C, for the three different incubation times, whereas the concentration of the ABTS radical cation in the recovered solutions evaluated from the absorbance at 420 nm ( Figure S5 ) are reported in Figure 5A and Table S3 .
Using an incubation time of 30 min, no appreciable differences have been observed for the ABTS concentration in the solutions retrieved from PS and etched BCP blend (test a of Figure 5A and curves a, b of Figure S5A ). Notably, using longer incubation times (tests b, c of Figure 5A and Figure S5 B, C) , the intensity of the characteristic peaks of ABTS in the solution retrieved from our porous support (curves a of Figure S5B , C) sensibly increases with respect to the solution deposited on the PS surface (curves b of Figure S5B, C) . In particular, using an incubation time of 150 min (test c of Figure 5A and Figure S5C) , the peak at 420 nm in the case of the etched BCP blend becomes out of scale (curve a of Figure S5C) .
The results of Figure 5A and S5 indicate that using a short incubation time (test a of Figure 5A and curves a e b of Figure S5A ) the quantity of active HRP immobilized on the PS film and on the etched blend is approximately the same. However, using longer incubation times (test b and c of Figure 5A and Figure S5B , C) the quantity of active enzyme absorbed onto our nanoporous support is higher. We argue that an incubation time of at least 1 h is needed to HRP biomolecules to migrate inside the pores. The green color of the solution reveals the formation of the oxidized product ABTS (Figure 5B, C) . The color intensity of the solutions, proportional to the concentration of the radicalcation, results higher for the solutions retrieved from our porous support (images c e of Figure 5B , C). These data suggest that the enzyme retains its catalytic performance after immobilization on the different surfaces and that the quantity of active HRP immobilized on our porous BCP support is higher, if the incubation time is long enough. The result that the incubation protocol of the HRP on our porous surfaces entails a threshold time to significantly differentiate the enzymatic performance of HRP ad-sorbed on the flat supports suggests that the immobilization process is diffusion limited. In the case of PS and glass supports, indeed, HRP is adsorbed on a flat surface, and only the specific balance of hydrophobic/hydrophilic interactions with the supports plays a key role. In the case of the porous surface of our etched blend, instead, also the diffusion of HRP inside the pores comes into play, since the pore dimensions are comparable with the average dimensions of the enzyme molecules. 52, 53 Parallel tests performed on free HRP in solutions with ABTS/H2O2 concentration of 2.45 and 9.75 mM, respectively (curve a of Figure S6 ), reveal that, after 5 min reaction time, the concentration of ABTS radical-cation matches the same level obtained by using the etched blend in the test b of Figure 5 (90 min incubation time) with use of a HRP concentration of free enzyme in the solution equal to 1 nM (black arrow in Figure S6 ). Since the estimated amount of immobilized enzyme on the etched support for incubation times of 90 min is of the order of 1 10 9 molecules mm -2 (see Experimental Section), the amount of HRP molecules in contact with 500 L of solution containing the substrates is also 1 nM, indicating that immobilization of enzyme on the nanoporous support does not greatly impair the CP of HRP.
It is worth noting that we have also performed catalytic tests using the same condition as Figure 5 and S5, with the enzyme immobilized onto thin films of a PEO homopolymer and of the blend before pores creation ( Figure S7 ). The results demonstrate that the enzyme immobilized onto the thin films of PEO homopolymer (curve d of Figure S7 ) and non-porous blend (curve e of Figure S7 ) shows a much lower CP compared to the enzyme immobilized on the other examined surfaces (etched blend, PS and glass slide).
We have also performed the catalytic tests of the enzyme by varying the concentrations of hydrogen peroxide and ABTS ( Figure S8 ). Also in this case, the enzyme immobilized onto our nanoporous support (curves a of Figure S8 ) shows an increased CP with respect to the enzyme immobilized on PS thin films (curves b of Figure S8 ) and glass (curves c of Figure S8 ), and an almost complete preservation of CP, when compared with that of free HRP (red arrow of Figure S6) .
Stability of the immobilized enzyme with aging is also critical. Therefore we have characterized the surfaces in terms of long term stability of enzyme CP by measuring the CP of immobilized HRP upon aging the supports for 7 and 18 days after immobilization, using a fixed incubation time (30 min) (tests d, e of Figure 5 A and Figure S5 D, E). As previously discussed, when we perform the test immediately after the enzyme immobilization using an incubation time of 30 min (test a of Figure 5A and Figure S5A) , the HRP over the glass slide exhibits the lowest CP ( Figure 5A and curve c of Figure S5A ) while the HRP immobilized on our porous support ( Figure 5A and curve a of Figure S5A) shows CP similar to that immobilized on PS thin film (Figure 5A and curve b of Figure S5 A). In the stability tests, the absorbance decreases with increase of aging time for all the surfaces (tests d, e of Figure 5A and Figure S5 D, E) indicating that the ability of the HRP to catalyze the oxidation of ABTS progressively decreases over the time. However, there is a less pronounced loss in enzyme CP with aging time for the enzyme immobilized on our porous support (compare tests a, d and e of Figure 5A and Figure S5A ,D, E). In particular, after 7 days (test d of Figure 5A and Figure  S5D ), the loss of CP with respect to the freshly prepared support is 54% in the case of the etched blend (curve a of Figure S5D ) and 80% and 63% in the case of the PS thin film (curve b of Figure S5D ) and the glass slide (curve c of Figure S5D ), respectively. Therefore, for non-porous supports there is significant loss in the CP of immobilized HRP. After 18 days (test e of Figure 5A and Figure S5E ), the loss of CP for HRP immobilized on our porous support is 81% (19% residual performace, curve a of Figure S5E ) while the loss of CP for the HRP immobilized on PS and glass slide is almost total (curves b and c of Figure S5 E) . HRP immobilized on non-porous supports displays a more significant decrease in enzyme CP. In other words, enzyme immobilized on non-porous supports is deactivated at a higher rate and our porous BCP matrix is significantly superior in maintaining enzyme CP. It is possible that the porous structure provides an environment that protects enzyme from deactivation. Therefore, the use of porous supports not only yields greater enzymatic CP, but also significantly improves its long-term stability.
Recycling tests of immobilized HRP on the different supports have been also performed. In particular, the supports subjected to 90 min incubation time with HRP have been subjected to consecutive catalytic tests using 500 L solution of ABTS (2.45 mM) /H2O2 (9.75 mM), and introducing an intermediate washing step with 500 L of a 50 mM acetate buffer (pH 4.6) in between each couple of consecutive tests (data not shown). Comparison of the concentration of ABTS radical cation obtained in consecutive tests after 5 min reaction time, indicate an almost complete loss of CP of the adsorbed enzyme for the PS and glass supports already after the pristine test, and a much better retention of enzyme CP for the nanoporous supports created by etching our blend, with a CP loss of 60% after the third consecutive test.
It is worth noting that physical adsorption of enzyme onto a support is less efficient than covalent immobilization, because part of the protein might easily undergo leaching from the support, with the result that the observed CP is always due to contribution from both the immobilized and solubilized fractions. Notwithstanding, our results demonstrate that after enzymatic tests, the HRP immobilized on our nanoporous BCP supports retain part of initial CP, not only in recycling tests but also after aging. Most importantly, also the initial morphology is retained (data not shown). This entails that the BCP based nanoporous surfaces may be regenerated a repeating number of times through incubation with a new aliquot of enzyme, while maintaining unaltered catalytic performance.
CONCLUSIONS
Exploiting the partial miscibility of polyethylene oxide (PEO) and poly(L-lactide) (PLLA), and the possibility to easily remove PLLA blocks by basic hydrolysis, we have set up a robust procedure that allows building nanostructured membranes with well-defined architecture containing elongated pores nm in width delimited by PEO hy drophilic walls. The large surface area, the tailored pore sizes and the functionalization with hydrophilic PEO blocks make the designed nanostructured material suitable supports for the immobilization of enzymes such as HRP. The use of our porous substrate as confining agent for the HRP improves the catalytic performance of the enzyme without mass-transfer limitations. The total catalytic performance of HRP immobilized onto porous supports is greater than that of HRP immobilized onto flat hydrophilic (glass) and hydrophobic (PS) surfaces and the presence of pores makes the long term stability of immobilized enzyme high. This block copolymer based approach for building nanoporous patterned surfaces is a robust and versatile tool useful not only in applied research such as for fabrication of lab-on-chip biosensors, but also in basic research to study the adsorption mechanism of proteins in constrained environment with controlled geometry at fundamental level.
Finally, we also remark that the present approach has the potential of being easily extendible to usages for which the covalent immobilization of enzymes and biomolecules in general, is required. This can be achieved resorting to the use of a BCP component containing PEO blocks end functionalized (e.g. hydroxyl, ammine or carboxylic groups) which can be exploited in reactions with complementary functional side groups of amino acid residues placed at the outer surfaces of an enzyme (e.g. the amino groups of lysine, or -COOH groups of glutamate) either by direct reaction or using suitable intermediate spacers.
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